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ABSTRACT
Context. Dome Fuji, the second highest region on the Antarctic plateau, is expected to have some of the best astronomical seeing on
Earth. However, site testing at Dome Fuji is still in its very early stages.
Aims. To investigate the astronomical seeing in the free atmosphere above Dome Fuji, and to determine the height of the surface
boundary layer.
Methods. A Differential Image Motion Monitor was used to measure the seeing in the visible (472 nm) at a height of 11 m above the
snow surface at Dome Fuji during the austral summer of 2012/2013.
Results. Seeing below 0.2′′ has been observed. The seeing often has a local minimum of ∼ 0.3′′ near 18 h local time. Some periods
of excellent seeing, 0.3′′ or smaller, were also observed, sometimes extending for several hours at local midnight. The median seeing
is higher, at 0.52′′—this large value is believed to be caused by periods when the telescope was within the turbulent boundary layer.
Conclusions. The diurnal variation of the daytime seeing at Dome Fuji is similar to that reported for Dome C, and the height of the
surface boundary layer is consistent with previous simulations for Dome Fuji. The free atmosphere seeing is ∼ 0.2′′, and the height
of the surface boundary layer can be as low as ∼ 11 m.
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1. Introduction
Dome Fuji is located at 77◦19′S 39◦42′E and, with a height of
3 810 m, is the second highest region on the Antarctic plateau.
Astronomical seeing is generally considered as the superposi-
tion of the contributions from two layers; the surface boundary
layer and the free atmosphere above. Measurements at Dome
C, which is another high region on the Antarctic plateau, have
shown the best seeing so far observed from the Earth with a free
atmosphere seeing of ∼ 0.3′′ and a surface boundary layer thick-
ness of ∼ 30 m (Lawrence et al. 2004; Aristidi et al. 2009). At
Dome A, the highest region on the Antarctic plateau, the me-
dian height of the surface boundary layer has been measured as
∼14 m (Bonner et al. 2010). Simulations suggest that the free at-
mosphere seeing above Dome Fuji and the height of the surface
boundary layer could be 0.21′′ and 18 m (Saunders et al. 2009;
Swain & Gallée 2006). We conducted a site-testing campaign
over the 2012/2013 summer in an attempt to test these expecta-
tions.
2. Instrumentation
The Differential Image Motion Monitor (DIMM) is a
commonly-used instrument to measure the seeing. The DIMM
works by using two sub-apertures on a small telescope, with a
wedge prism attached, to make two images of the same star on
a CCD detector. By measuring the differential motion between
these two images and assuming Kolmogorov turbulence, the see-
ing can be calculated (Sarazin & Roddier 1990).
Our instrument, the “Dome Fuji Differential Image Mo-
tion Monitor” (DF-DIMM), is based on a Meade LX200-8”
Fig. 1. DF-DIMM on the 9 m tower at Dome Fuji, 2013 January. The
telescope aperture is ∼11 m above the snow surface.
cassegrain telescope, with an SBIG ST-i monochrome CCD
camera equipped with an Edmund narrow-band filter at 472
nm for suppressing auroral emissions (Okita et al. 2013). DF-
DIMM (see Figure 1) was operated fully automatically to allow
the efficient accumulation of many seeing estimates. The opti-
cal tube of the telescope was painted white to minimize the local
turbulence inside and around the tube generated by the solar ra-
diation. Many modifications were made to allow operation in the
Antarctic environment. Table 1 summarizes the parameters and
the technical specifications of DF-DIMM.
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Table 1. Parameters and technical specifications of DF-DIMM.
Sub-aperture diameter φ 60 mm
Sub-aperture separation 140 mm
Observed wavelength 472 nm
FWHM of the filter 35 nm
Pixel size 7.4 µm × 7.4 µm
Pixel scale 0.775′′/pix ±0.005′′/pix
Exposure time 0.001 sec
Number of frames used
for each seeing estimate 450 over ∼5 minutes
Height of the entrance pupils ∼11 m
Fig. 2. PLATO-F (center, yellow container) and the 9 m tower (right)
with DF-DIMM on top. The rectangular objects to the left are solar
panels.
DF-DIMM observed Canopus (α Car, V = −0.7 mag, the
second brightest star in the sky) to measure the seeing. Canopus
is circumpolar at Dome Fuji, with a zenith angle varying from
25◦ to 50◦. DF-DIMM could observe Canopus continuously for
days at a time with a reasonable contrast against the daytime sky
background.
DF-DIMM was placed on the top of a 9 m tower in order to
be as high as possible within, and sometimes above, the surface
boundary layer. The height of the entrance pupils of DF-DIMM
was ∼ 11 m.
DF-DIMM was supported by PLATO-F (PLATeau Observa-
tory for Dome Fuji), a fully automated observing platform for
the Antarctic plateau deployed at Dome Fuji in January 2011.
Figure 2 shows PLATO-F and the 9 m tower. PLATO-F provides
electrical power of up to 1 kW and Iridium communications all
year for site testings and astronomical observations from Dome
Fuji (Ashley et al. 2010).
3. Data processing and error analysis
On-site data processing software was developed for DF-DIMM,
based on Nightview1 (Hroch), Sextractor (Bertin & Arnouts
1996), and CFITSIO (Pence 1999). The longitudinal seeing ǫl
and the transverse seeing ǫt were calculated using the equations
(13), (14), and (23) of Sarazin & Roddier (1990) from 450 im-
ages taken at about five-minute intervals. The seeing estimates
were then corrected for zenith angle using equation (24) of the
paper.
1 http://www.physics.muni.cz/mb/nightview/nightview.html
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Fig. 3. Schematic showing the ray trace for a generic DIMM. Two
sub-apertures with wedge prisms make two images of the same star on
a CCD detector.
The seeing values measured by a DIMM, ǫl and ǫt, have sta-
tistical error and pixel scale uncertainty. The statistical error
of the variance of a star position σ2⋆ is dσ2⋆/σ2⋆=
√
2/(N − 1),
where N is the number of frames used for the variance calcula-
tion and the subscript ⋆ represents either longitudinal or trans-
verse (Sarazin & Roddier 1990). In our case, 450 frames were
used in calculating each seeing estimate. Hence, the statistical
error on the variance is ∼ 6.7%, which corresponds to a seeing
error of dǫ⋆/ǫ⋆ ∝ (dσ2⋆/σ2⋆)3/5 ∼ 4%. The pixel scale of DF-
DIMM was measured using the diurnal motion of Canopus on
January 1. This gives a scale of 0.775′′ ± 0.005′′ per pixel. The
uncertainty contributes ∼ 0.8% error in the seeing. The temper-
ature dependence of the focal length also affects the pixel scale.
However this effect is negligibly small for our Cassegrain tele-
scope. In fact, optical simulations demonstrate that the focal
length of DF-DIMM changes less than 0.2% between 20◦C and
−80◦C.
Seeing should be the same in the longitudinal and transverse
directions since seeing is a scalar quantity. Considering the sta-
tistical error and pixel scale uncertainty, we discarded ∼1 % of
observations that fell outside the range 0.50 < ǫl/ǫt < 2.0. We
then averaged ǫl and ǫt to obtain the seeing value.
Other sources of uncertainty in the DIMM measurements are
considered below for better estimation of seeing.
3.1. Instrument rotation effect
To simplify the analysis of DIMM data, it is usual to align
the (x, y) coordinates of the CCD detector with the longi-
tudinal and transverse DIMM coordinates (l, t) defined by
Sarazin & Roddier (1990), see Fig.3. If, however, these coor-
dinate frames are misaligned by some angle α, and this is not
corrected for in the analysis, an error will result.
Here we write σ2x and σ2y as the variance of the differential
motion along the x and y axes, and σxy as the covariance of x
and y. The longitudinal variances of σ2l and transverse variance
of σ2t are then
σ2l = cos
2(α)σ2x + sin2(α)σ2y − sin(2α)σxy (1)
σ2t = sin2(α)σ2x + cos2(α)σ2y + sin(2α)σxy . (2)
For precise measurements of the seeing from DIMM obser-
vations we need to transform the (x, y) coordinates to (l, t) before
using the normal DIMM equations.
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3.2. Finite exposure effect
Theoretically, DIMM seeing is defined in an infinitely short ex-
posure. Martin (1987) and Soules et al. (1996) discussed the
effect of using a finite exposure time. From equation (18) of
Soules et al. (1996) with τ=0.001 s and w ≤30 m/s, our seeing
values are underestimated by less than 3 %.
3.3. Readout, background, and local turbulence effects
Readout noise and background noise of the detector also add
small biases to the seeing value (Tokovinin 2002). The local tur-
bulence inside the telescope worsens the observed seeing. These
effects all cause our results to be an upper limit on the actual
seeing.
4. Results
We carried out DIMM observations 11 m above the snow surface
at a wavelength of 472 nm from 2013 January 4 to January 23.
In all, we obtained 3 814 seeing estimates, each one calculated
from 450 images over a period of about five-minutes. Figure 4
and 5 show the time series of the seeing, day by day.
A period of excellent seeing, below 0.2′′ and continuing for
about 4 hours, was observed near local midnight on 2013 Jan-
uary 6. Other periods of excellent seeing, less than 0.3′′, were
observed close to local midnight on a total of six occasions (Jan-
uary 6, 11, 15, 19, 21 and 23).
The seeing has a tendency to have a local minimum of ∼ 0.3′′
near 18 h local time. This is clear in the data for January 6, 7, 9,
and 16.
The histogram of the seeing measurements is plotted in Fig-
ure 6. The mean, median, and mode of the seeing values were
0.68′′, 0.52′′, and 0.36′′, respectively. The 25th and the 75th
percentile of seeing were 0.36′′ and 0.78′′. As discussed below,
we expect the higher seeing measurements to be due to periods
when the surface boundary layer was above the level of the top
of the telescope.
5. Discussion and conclusion
We note that the Dome Fuji seeing tends to have its smallest val-
ues a few hours around local dusk and midnight. It is remarkable
that seeing in the range 0.2′′ to 0.3′′ was observed for continu-
ous periods of hours at a height of only 11 m above the snow
surface, presumably due to periods where the surface boundary
layer is either below the height of the DIMM aperture, or has
disappeared altogether.
A similar local minimum at local dusk has also been seen at
Dome C, and has been interpreted by Aristidi et al. (2005) as due
to the disappearance of the surface boundary layer. Our results
are consistent with this.
However, it is interesting to note that the excellent seeing we
have observed at local midnight has not been reported from site
testing of 8 m above the snow surface at Dome C. The weak
insolation at midnight is expected to result in an intense temper-
ature gradient near the snow surface at this time. This strong
temperature gradient should produce a strong surface boundary
layer, and hence poor seeing from the surface. This is only
consistent with our observations if the surface boundary layer
is below the level of our telescope. We therefore conclude that
our DIMM was above the surface boundary layer during these
periods, and was sampling the free atmosphere seeing. A low
surface boundary layer has been predicted from simulations by
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Fig. 6. Histogram (bars) and cumulative histogram (solid line) of
Dome Fuji seeing measured from 2013 January 4 to 23. Note that mea-
surements above ∼ 0.4′′ are likely the result of the DIMM being within
the surface boundary layer.
Swain & Gallée (2006), and is consistent with our observations.
Observations with a sonic radar at Dome A have shown that the
surface boundary layer is often highly turbulent, but confined
to a very thin (14 m median) layer near the snow (Bonner et al.
2010).
The histogram of seeing measurements in Figure 6 is ex-
pected to consist of two sets of data: those when the telescope is
outside the surface boundary layer, and those when the telescope
is inside. The latter measurements will produce the long tail of
seeing measurements above ∼ 0.4′′. We expect that if the DIMM
was mounted on a higher tower, the fraction of measurements
in this tail would drop significantly. A quantitative estimate of
this effect could be made from sonic radar measurements of the
boundary layer height.
In summary, at a given height above the snow, excellent
seeing at Dome Fuji occurs when there is either a low or non-
existent surface boundary layer. The free atmosphere seeing is
∼ 0.2′′. The height of the surface boundary layer has been ob-
served to be as low as ∼ 11 m.
Our findings give strong encouragement to constructing fu-
ture large-aperture telescopes on the Antarctic plateau to take
advantage of the excellent natural seeing and the low surface
boundary layer. We are now preparing to make wintertime see-
ing measurements with DF-DIMM.
Acknowledgements. We acknowledge the National Institute of Polar Research
and the 51st - 54th Japanese Antarctic Research Expeditions. This research is
supported by the National Institute of Polar Research through Project Research
no.KP-12, the Grants-in-Aid for Scientific Research 18340050 and 23103002,
the Australian Research Council and Australian government infrastructure fund-
ing managed by Astronomy Australia Limited. Hirofumi Okita thanks the
Sasakawa Scientific Research Grant from The Japan Science Society, and To-
hoku University International Advanced Research and Education Organization
for scholarships and research expenses.
References
Aristidi, E., Agabi, A., Fossat, E., et al. 2005, A&A, 444, 651
Aristidi, E., Fossat, E., Agabi, A., et al. 2009, A&A, 499, 955
Ashley, M. C. B., Bonner, C. S., Everett, J. R., et al. 2010, in Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series, Vol. 7735, So-
ciety of Photo-Optical Instrumentation Engineers (SPIE) Conference Series
Bertin, E. & Arnouts, S. 1996, A&AS, 117, 393
Bonner, C. S., Ashley, M. C. B., Cui, X., et al. 2010, PASP, 122, 1122
Lawrence, J. S., Ashley, M. C. B., Tokovinin, A., & Travouillon, T. 2004, Nature,
431, 278
Martin, H. M. 1987, PASP, 99, 1360
Article number, page 3 of 4
0.0
0.3
0.6
0.9
1.2
1.5
1/4/2013 1/5/2013 1/6/2013
0.0
0.3
0.6
0.9
1.2
Se
ei
ng
 (a
rcs
ec
)
1/7/2013 1/8/2013 1/9/2013
0.0
0.3
0.6
0.9
1.2 1/10/2013 1/11/2013 1/12/2013
0.0
0.3
0.6
0.9
1.2
0 6 12 18
1/13/2013
0 6 12 18
Local Time (UTC+3)
1/14/2013
0 6 12 18 24
1/15/2013
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